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The spindle-shaped Sulfolobus virus SSV1 was the first of a series of unusual and uniquely shaped viruses isolated from hyperthermophilic
Archaea. Using whole-genome microarrays we show here that the circular 15.5 kb DNA genome of SSV1 exhibits a chronological regulation of
its transcription upon UV irradiation, reminiscent to the life cycles of bacteriophages and eukaryotic viruses. The transcriptional cycle starts with a
small UV-specific transcript and continues with early transcripts on both its flanks. The late transcripts appear after the onset of viral replication
and are extended to their full lengths towards the end of the approximately 8.5 h cycle. While we detected only small differences in genome-wide
analysis of the host Sulfolobus solfataricus comparing infected versus uninfected strains, we found a marked difference with respect to the
strength and speed of the general UV response of the host. Models for the regulation of the virus cycle, and putative functions of genes in SSV1
are presented.
© 2007 Elsevier Inc. All rights reserved.Keywords: Archaea; Sulfolobus; SSV1; Virus; DNA microarray; UV induction; Virus cycle; DNA damage; Hyperthermophiles; FuselloviridaeIntroduction
Newly discovered viruses of the thermoacidophilic archaeal
genera Sulfolobus and Acidianus have recently led to the
definition of many novel viral families with unusual morphol-
ogies and genomes (Haring et al., 2005a,b; Prangishvili et al.,
2006; Zillig et al., 1996). These archaeal viruses, which are not
reminiscent of any known bacteriophage or eukaryotic virus,
exhibit various types of lysogeny or carrier states that allow them
to reside and propagate within their hosts. In contrast, purely
lytic viruses have thus far hardly been isolated from extremo-
philic organisms (Prangishvili et al., 2001; Zillig et al., 1996),
perhaps due to the difficulty in sustaining the integrity or
infectivity of free virus particles under high temperature and⁎ Corresponding author. Fax: +47 55589671.
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doi:10.1016/j.virol.2007.03.033acidity. One of the first and best studied viruses in hyperther-
mophilic archaea is SSV1, which was originally isolated from
Sulfolobus shibatae (Martin et al., 1984). It is particularly well
known as it served as an early model for the study of basic
transcription and regulation in archaea (Reiter et al., 1987,
1988a,1988b; Zillig et al., 1992). SSV1 infects different strains
of Sulfolobus (Schleper et al., 1992), that grow optimally around
80 °C and pH 3. The lemon-shaped virus particles of 100 nm in
length harbour a double-stranded circular DNA genome of
15.5 kb (Palm et al., 1991) that is highly positively supercoiled
and covered by a nucleoprotein (Nadal et al., 1986; Reiter et al.,
1987).
The capability of SSV1 to infect hosts was long overlooked,
because the virus does not produce significant numbers of
particles upon infection (Schleper et al., 1992). Instead, the
genome is rapidly and site specifically integrated into a tRNA
gene of the host (Reiter and Palm, 1990) paralleled by a short
slow-down of growth (Schleper et al., 1992). Even after
infection with an excess of virus particles the host recovers well
Fig. 1. Growth of S. solfataricus culture PH1 (circles) and the SSV1 infected
S. solfataricus culture PH1(SSV1) (triangles) after UV treatment. The cultures
were split into two halfs, one of which was subjected to UV treatment and the
second half was mock treated (exact same treatments but without exposure to
UV light, labeled C). Cultures were immediately re-cultivated, after the UV
treatment at timepoint 0 h. The timepoints of sampling for DNA and RNA
isolation are indicated by the symbols.
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viral genome confers some advantage (Schleper et al., 1992)
(and own observations). Interestingly, besides the integrated
copy, the circular SSV1 genome resides in the cells in a plasmid
form with 3 to 4 copies per host chromosome. Upon irradiation
of host cells with UV light, a strong replication of the viral DNA
is induced and large amounts of particles (up to 100 per cell) are
released into the culture medium, without apparent lysis of the
host cells (Martin et al., 1984; Schleper et al., 1992). Ten
transcripts of various lengths of SSV1 have been mapped, that
start from seven different promoters (Reiter et al., 1987). The
identification of their starts and stops led to the first definition of
a consensus for promoters and terminators in Archaea, with the
promoters being reminiscent of those for RNA polymerase II in
eukaryotes (Reiter et al., 1988a,1988b). With one exception, all
transcripts of SSV1 (from T1 through T9) seem to be produced
at low levels in the ‘latent’ state. A short transcript (T-ind),
which lacks the canonical TATA-box typical of archaeal
promoters, is expressed solely upon UV irradiation of the host
cell (Reiter et al., 1988a). The genome contains 34 predicted
ORFs, but the function of only 4 proteins are known. Besides
three structural proteins (Reiter et al., 1987), the integrase,
which belongs to the family of site-specific tyrosine recombi-
nases, has been well characterized (Muskhelishvili et al., 1993;
Serre et al., 2002). Related recombinases and integration
mechanisms as typified through SSV1 have been found
widespread in the Sulfolobus genomes and in other archaea
(She et al., 2001a). Two proteins have been recently crystallized
from SSV1, with their sequence and structure suggesting
potential roles as transcriptional regulators (Kraft et al.,
2004a,2004b).
SSV-like viruses seem to be widespread and ubiquitous in
hot springs, as they have been isolated from various places
throughout the world and from different Sulfolobus strains
(Rice et al., 2001; Stedman et al., 2003; Wiedenheft et al., 2004;
Zillig et al., 1994). Comparative genomic and structural studies
have elucidated conserved functions in these Fuselloviridae
(Wiedenheft et al., 2004). The study of archaeal viruses has also
led to the identification of features that are conserved in viruses
or phages of all three domains of life, the Bacteria, Archaea and
Eukarya (Rice et al., 2004) and has inspired theories about the
evolution of viruses and their hosts (Forterre, 2006).
Besides comparative evolutionary studies, another applica-
tion of SSV1 is its use as a transformation vehicle (Cannio et al.,
1998; Stedman et al., 1999). Our laboratory has recently
established a transformation vector, on the basis of the complete
viral genome (Jonuscheit et al., 2003), that allows the high level
expression of genes and purification of recombinant and tagged
proteins (Albers et al., 2006) as well as promoter studies in
Sulfolobus solfataricus (Lubelska et al., 2006).
Although the ecology, structure and evolution of SSV1 have
been studied for many years and have made SSV1 an important
model virus of the Archaea, detailed knowledge about its life
cycle and about the function of specific genes was relatively
scarce. In order to gain better insights into the biology of this
virus, its life cycle, putative gene functions and their effect on
the host, we have conducted a genome-wide transcriptionalstudy of SSV1 and the host S. solfataricus using a 70-mer
oligonucleotide microarray for the analysis. We show that SSV1
exhibits a temporal regulation of its transcription upon UV
induction, and the chronological order of transcription in the
SSV1 and Sulfolobus genome allows us to hypothesize about
certain aspects of gene function and regulation in this
hyperthermophilic virus–host system.
Results
UV effects on growth of host and virus
Production of SSV1 virus particles does not result in lysis of
the host, but cells show a marked growth retardation over a time
period of ca. 10 h after UV treatment, while virus particles are
produced and expelled into the medium (Martin et al., 1984;
Schleper et al., 1992). Fig. 1 displays an example of such a
growth retardation for cultures that were used in the microarray
experiments of this study. We have used strain PH1, a beta-
galactosidase mutant of S. solfataricus P1 as well as a lysogen
thereof, PH1(SSV1), that has been isolated from a single plated
colony after infection of a culture with SSV1. Both strains
showed an apparent growth arrest up to 4 h after UV treatment,
which was independent of the virus and probably due to cell
damages. By contrast, control cultures of both strains resumed
growth starting 0.5 h after mock treatment.
The initial drop in the optical density of the lysogenic
cultures and the slow growth of all cultures (including mock
treated controls) were probably due to the transient transfer of
the cells to room temperature (cold shock), which was required
for the UV treatment.
The lysogenic strain PH1(SSV1) was inhibited for another
5 h or even longer, apparently due to virus production.
Replication of the viral DNA started approximately 5 to 6 h
after UV treatment as seen in total DNA preparations (not
shown) and Southern analyses (Fig. 2).
Furthermore, we determined the percentage survival of cells
on the basis of colony forming units directly before and after
Fig. 2. Southern analysis of EcoRI-cut total DNA from strain PH1(SSV1) that
was hybridized with a randomly labeled SSV1 DNA. Samples were taken from
0 to 12 h after UV treatment and mock control. The arrows indicate the EcoRI
restriction pattern of SSV1 episomal DNA, which appears upon the onset of
viral replication, as well as a 10-kb fragment that contains one of the virus flanks
in the chromosome. The second flank of the integrated viral DNA is not visible.
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were cooled down during the procedure like UV-treated
cultures) showed no effect, i.e., exhibited the same plating
efficiency as “pre-mock” cultures, the survival rate of UV-
treated PH1 was 40% (compared to pre-UV cultures) indicating
that the UV-dose resulted in severe cell damage. The lysogen
PH1(SSV1) had a plating efficiency of only 10% after UV
treatment, which must additionally be caused by the stress
imposed on the cells when producing virus particles.
Analysis of the transcription cycle
The RNA isolated from UV-treated and mock-treated cells
was analyzed in Northern hybridizations (Fig. 3) to verify
successful induction of the viral cycle and to evaluate the
quality of the isolated nucleic acids. For microarray hybridiza-
tions, the total RNAwas reverse transcribed and dually labeled
with fluorescent dyes. Whole genome arrays with 70-mer
oligonucleotides specific to the open reading frames (ORFs) of
the S. solfataricus genome, as well as SSV1's ORFs andFig. 3. Northern analyses with transcript-specific DIG-labeled RNA probes (A) of the
0 to 8.5 h after UV treatment. For control PH1(SSV1) total RNA from 3 h and 4 h afte
in the non-induced stage (NI), and 2 h, 4 h, 6 h after UV treatment. Total RNA of the
of total RNA. Methylenblue-stained 23 rRNA is shown underneath to estimate thevarious other genetic elements, were used in the hybridization
experiments (see Materials and methods). Our data are based on
multiple independent experiments and controls (see Materials
and methods). At 0.5 h after UV treatment no significant change
in the mRNA level was observed between experiment and
control culture. The first reaction of SSV1 was detected 1 h after
UV treatment with a high increase of the UV-inducible
transcript T-ind, that rose 16-fold after 2 h, with no other
transcript being induced (Fig. 4). The 16-fold increase is relative
to the microarray's T-ind probe background noise in the control,
as T-ind transcripts do not exist in the control sample. The high
level of T-ind was observed until 5 h, after which it started to
decrease. These results were also confirmed by Northern
analyses, using a T-ind-specific DIG-labeled mRNA probe (Fig.
3A). While no T-ind transcripts were detectable before UV
treatment in PH1(SSV1), the maximal transcript levels were
found between 1.5 h and 5 h and no T-ind was detected in the
mock-treated control. The Northern analysis displayed different
amounts of a shorter (0.2 kb) and the full-length (0.3 kb) T-ind
transcript that could not be resolved in the microarray study.
The relative amount of both transcripts seemed to be similar at
1.5 h, but the long transcript dominated at the maximal
expression level (at 5 h).
One hour after the appearance of T-ind, the 5′ located genes of
the transcripts T5 and T6 were first detected. Both transcripts
flank the T-ind region (though on opposite strands) and both
promoters contain an inverted repeat sequence, which is unique
in SSV1 (Reiter et al., 1988a) (see Fig. 6 for promoter
sequences). The full-length transcripts were detected 5 h after
UV treatment (Fig. 4). We cannot yet distinguish whether the
different lengths of transcripts are caused by mRNA degrada-
tion, or by early transcriptional termination/antitermination
processes. The sporadic expression of ORF D-355, which
encodes the integrase of SSV1 and is located at the 3′-end of T5,
suggests that the polycistronic transcript is at least partially
degraded. Fig. 3B displays a Northern analysis with a T5-
specific DIG-labeled RNA probe which was designed to
hybridize to the transcript region of E-178 and F-93 (for ORF
numbers see Fig. 9) located in the middle of T5. In contrast to T-UV-inducible transcript T-ind (0.3 kb). PH1(SSV1) total RNAwas isolated from
r mock treatment was used (M). (B) Northern analysis of the transcript T5 (3 kb),
non-infected strain PH1 (C) was used as control. Each lane was loaded with 5 μg
relative amounts of blotted RNA.
Fig. 4. Relative change in transcript levels of SSV1 genes between 0.5 h and 8 h after UV treatment (change is relative to transcript levels in mock-treated SSV1
infected culture). The NI (non-induced) stage shows the constitutive expression level of SSV1 genes in culture (relative to background signal obtained from non-
infected culture). The microarray data are graphically displayed in the genomic context with the program Bluejay (Turinsky et al., 2005), with red bars showing
transcript levels elevated (and green reduced) relative to the control sample. The detailed expression ratios for every gene and timepoint and their significance
(p<0.05) are listed in the Supplementary data (Table S1). The outermost circle shows the genes of SSV1with their strand orientation (clockwise in outer ring, counter-
clockwise in inner ring). The arrows at timepoint 0.5 h represent the 10 transcripts as determined earlier for SSV1 (Reiter et al., 1987, 1988a). Each dataset was
generated from 2–3 completely independent UV experiments starting from new cultures and each hybridization was performed as a dye swap to reduce technical
variability.
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short and low-copy form of T5 was observed at 0 h (Fig. 3B).
Similarly, transcriptional activity from all transcripts except T-
ind was seen in the microarray analysis of the non-induced stage,
where we compared an infected to a non-infected strain (see NI
in Fig. 4), confirming the results of earlier studies (Reiter et al.,
1988a). However, at 2 h and 4 h after UV treatment no T5 was
detectable (Fig. 3B), suggesting that it is either downregulated
and/or quickly degraded upon UV induction, a scenario likely
affecting other transcripts of SSV1 as well.
The last of the early transcripts, T9, appeared at 5 h after UV
treatment. This is shortly before the onset of SSV1 replication,
which starts between 5 h and 6 h after induction, as seen in
Southern analyses (Fig. 2) and confirmed by DNA microarray
experiments with genomic DNA (data not shown).
All other transcripts (T1/2, T3, T4/7/8) were first observed at
6 h after UV treatment. The levels of the mRNAs of the two coat
proteins VP1, VP2 and the nucleoprotein VP3 (Reiter et al.,1987) increased continuously to a maximal induction of 12-fold
at 8.5 h after UV treatment. Slightly higher mRNA levels of VP1
at later stages and in the non-treated lysogenic host were
probably due to earlier transcription termination of T8 and T2,
resulting in transcripts T7 and T1, respectively (Reiter et al.,
1988b).
The monocistronic transcript T3 increased to a nearly 15-fold
level at 7 h and it was also present in a comparably high amount
at the non-induced stage. Together with the VP1 mRNA, T3
represented the most abundant transcript at 7 h and in the non-
induced stage.
A transcript of ORF C-124 had not been previously described
in the literature. It was first observed in the microarrays 7 h after
UV treatment and was also present in the non-induced stage
(termed transcript Tx in Figs. 6 and 9). The simultaneous
expression of C-792 and C-124 with the two coat proteins and
the nucleoprotein at the late stage in the SSV1 cycle suggests a
structural function.
Fig. 5. Primer extension analysis showing transcript start of ORF C-124, that
appeared as a late transcript in the microarray analysis. Lanes ACGT: sequence
ladder of C-124. Total RNA from an SSV1 lysogen was used from the non-
induced stage (NI, lane 1), and from a non-infected PH1 strain (C, lane 2).
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extension (Fig. 5). Its upstream region revealed some (but
limited) similarity to the canonical consensus sequence of
archaeal and most SSV1 promoters with a BRE element and a
TATA box (Fig. 6). While direct repeats are found in the T5 and
T6 promoter regions (underlined in Fig. 6, Reiter et al., 1988a),
we have not discovered any further putative common cis-
regulatory elements in the SSV1 promoters.
Transcriptional activity in the non-induced state and effects on
the host
Considering the tight temporal regulation of transcription
upon UV treatment of the host, it is interesting to note that a low
transcriptional activity of SSV1 was also observed when theFig. 6. Comparison of all mapped promoters of SSV1 (Reiter et al. 1988a and this st
boxes represent the putative BRE and TATA box elements, respectively, and directcells had not been treated with UV light (except for T-ind).
While the early transcripts were incomplete (T5, T6, T9), the
late transcripts were fully represented (T2, T3, Tx, T4, Fig. 4
NI). Notably, the mRNA of the site-specific recombinase/
integrase (ORF D-335) was visible, while the upstream located
parts of the respective transcript T5 were not. The absolute
strengths of transcripts seen in the non-induced state (Fig. 4 NI)
is however not comparable to the others states of our analysis,
because in the former we used a non-infected strain as a control,
while the UV experiments show relative increases in compar-
ison to mock-treated SSV1-carrying controls. The Northern
analysis of transcript T5 (Fig. 3) shows that the absolute amount
of mRNA in the non-induced state is much lower than after UV
treatment.
As noted earlier, growth of the host cells does not seem to be
affected by the presence of SSV1 (Grogan et al., 1990; Schleper
et al., 1992). Concomitantly, we did not see a considerable
difference on the genome-wide transcriptional level of the host,
S. solfataricus, without UV treatment, when we compared an
infected (lysogenic) strain with the SSV1-free strain.
Differences in the transcriptional host reaction after UV
treatment
While the overall genomic UV response was comparable
with respect to the transcriptional changes (Fröls et al.,
submitted for publication), a major difference was found with
respect to the strength and speed of the host reaction. This is
demonstrated in Fig. 7, where we compare the average curve of
the 19 most strongly upregulated genes of both strains. For
comparison the figure also displays expression levels of the
strongest SSV1 transcript T-ind. The SSV1-containing strain
PH1(SSV1) reacted instantaneously, and was not only faster but
also stronger, while the UV-specific reaction of strain PH1 was
delayed by ca. 1.5 h under the same conditions. This finding
indicated that an infected strain is apparently more sensitive to
UV light than an uninfected strain.
Genes showing the most pronounced differences in expres-
sion levels after UV treatment between the infected and the non-
infected strain are listed in Table 1. Most of them exhibited a
much stronger down or upregulation in the infected strain, likeudy). Sharp bent arrow and bold letter indicate mapped transcription starts (+1),
repeats in promoter regions of T5 and T6 are underlined.
Fig. 7. Average relative mRNA levels (log2) of the 19 most strongly upregulated
host genes upon UV treatment as well as log2 ratios of T-ind (dashed line). The
nature of the upregulated host genes is exhaustively discussed in Fröls et al.
(submitted for publication). Data were generated by hybridizing cDNA of a UV-
treated culture in competition with cDNA of a mock-treated culture of the same
timepoint.
Fig. 8. Host genes specifically reacting to the presence of SSV1. The graphs
display expression patterns of the genes with the most distinguished reaction
between the two strains PH1(SSV1) and PH1 after UV treatment. Detailed log2
ratios and statistical evaluations are listed under Supplementary data Table S2.
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three 7-kDa DNA-binding proteins of S. solfataricus, showed a
stronger downregulation in the non-infected strain. In order to
mimic the stronger reaction of the SSV1-infected strain, we
compared its data with those of the non-infected strain treated
with a higher UV dose of 200 J/m2, instead of 75 J/m2 (data not
shown). According to this analysis, only six of the 22 genes
listed in Table 1 showed an exclusive reaction in the infected
strain. Their transcriptional pattern is displayed in Fig. 8. Five
genes were highly induced and four of these genes were co-Table 1
Differently regulated genes between strains PH1 and PH1(SSV1) after UV treatmentranscribed in two operons (Table 1). The first operon encodes
the DNA topoisomerase VI which might play a role in the viral
replication and/or topology of SSV1 DNA (see Disucssion).
The second operon encodes two proteins of unknown function.
SSO1210 represented the only notably downregulated gene. Itt
54 S. Fröls et al. / Virology 365 (2007) 48–59is noteworthy that the upregulated chromosomal genes reacted
during the transcriptional induction of the early genes of SSV1,
indicating a potential co-regulation.
Discussion
SSV1 exhibits a chronological transcription cycle
Initial transcription analyses of SSV1 had revealed some
regulatory elements, including the unusual promoter of the UV-
inducible transcript T-ind and inverted repeat structures in the
promoter elements of what were identified as potentially early
transcripts, i.e., T5 and T6 (Reiter et al., 1987, 1988a). Our study
shows a complete and detailed scenario of a viral cycle
demonstrating that SSV1 exhibits a tight chronological
transcriptional regulation, reminiscent to that of many bacterial
and eukaryal viruses. This cycle is very different from the Sul-
folobus virus SIRV, for which a rather simple and barely
chronological pattern of transcription has been described after
infection (Kessler et al., 2004). Starting with the UV-inducible
very early transcript (T-ind), whose promoter deviates from the
canonical archaeal consensus in lacking a TATA box (Reiter et
al., 1988a), the polycistronic transcripts of SSV1 can be further
categorized by their time of appearance into early (T5, T6, T9)
and late (T1/2, T3, Tx and T4/7/8) (see Fig. 9). These results
correlate well with the known or putative functions of theFig. 9. Summary of microarray and transcript mapping analyses. Similar to those of ot
categorized according to their time of appearance and (putative) functional roles into
dark green (known function), green (predicted function) or light green (unknown f
sequenced SSV types (Wiedenheft et al., 2004): dark grey: genes conserved in all fou
only between two SSV types or unique for SSV1.corresponding genes, as far as these have been revealed. For
example, four genes in transcript T5 which are conserved among
other SSV viruses show features typical of regulatory proteins or
transcription factors, i.e., D-63with a leucine-zippermotif (Kraft
et al., 2004a) F-93, a putative DNA-binding protein (Kraft et al.,
2004b) and E-51, a member of the CopG family with a Helix–
Turn–Helix motif. Furthermore, the conserved gene for the
integrase is encoded on the early transcript T5 (D-335).
However, many other genes encoded in the early transcript T5
are not conserved among the SSV1 viruses, indicating specific
regulatory functions for the UV-inducible virus SSV1. The
products of the delayed early transcript T9 that appears 5 h after
UV treatment, shortly before the onset of replication, might have
central functions in this process. Six of the seven ORFs encoded
by T9 are highly conserved among all known SSV types
(Wiedenheft et al., 2004) and two of them are also homologous
to ORFs of the satellite particle pSSVx (Arnold et al., 1999).
Furthermore, ORFB251 shows similarity to a DnaA-like protein
(Koonin, 1992). Together these observations indicate that
products of T9 could be involved in replication.
As expected, the late transcripts T2, T7/8 cover the three
structural proteins of SSV1 VP1-3. Other genes in these
transcripts might encode factors involved in the assembly of the
virion.
Interestingly, B-115 (of transcript T7/8), that shows
similarity to an ArsR-like putative transcriptional repressorher viruses and phages of bacteria and eucaryotes, the transcripts of SSV1 can be
immediate early, early, late (for further discussion see text). Genes are labeled in
unction). The inner circle shows the conservation of the genes among the four
r viruses; grey: genes conserved in three SSV types; light grey: genes conserved
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the end of the transcription cycle and also in the non-induced
stage. It could be involved in the downregulation of the early
SSV1 genes towards the end of the viral cycle.
Regulation of SSV1
The following speculative scenario for the regulation of the
SSV1 cycle is compatible with the microarray data.
After UV treatment the host cells stop growth and express
a specific set of approximately 40 genes, including
transcription factors and a potential replication inhibitor,
but no genes that are thought to be involved in direct DNA
repair (Fröls et al., submitted for publication). A UV-specific
transcriptional regulator or factor allows transcription from
the T-ind promoter on SSV1. We have found possible
candidates in the genome that are induced immediately after
UV treatment (not shown). This putative UV factor can also
be activated upon treatment with Mitomycin C or in
stationary phase, as these conditions also lead to SSV1
induction (Martin et al., 1984; Zillig et al., 1998). T-ind
transcripts accumulate over 2 h, including the longer T-ind
which may represent or may encode an activator for
transcripts T5 and T6. Two inverted repeats that flank the
TATA box in these promoters may represent a binding site
for a repressor, or alternatively for an activating factor such
as the T-ind product. A similar mechanism has been
described for the activator E1A of adenovirus, of which a
shorter and a longer transcript are produced by a splicing
mechanism. In E1A, only the longer transcript contains the
CR3 domain, which acts as an activation domain and is
essential for the strong activation of the early viral promoters
by interaction with the cellular transcription factors (Berk,
2005; Flint and Shenk, 1997).
In eukaryotic viruses, many proteins that specifically
activate transcription can also stimulate origins of DNA
replication (DePamphilis, 1993; Heintz et al., 1992). Prelimin-
ary results suggest that the origin of replication of SSV1 lies in
the vicinity of the T-ind promoter (I. Dugin, S. Bell and
S. Fröls, unpublished). Since the T-ind protein (B-49) was
found to form a dimer in a yeast-2-hybrid screen (S. Fröls,
C. Schleper and P.Uetz, unpublished), and since it is produced
between 1.5 and 5 h after UV treatment, with replication
starting around 5 to 6 h after UV treatment, the T-ind product
could help in stimulating replication by sequence-specific
binding to DNA. However, it is probably not essential to
natural propagation of the virus, since it is not present in the
closely related, non-UV-inducible viruses SSV2 and SSVK1
and SSVRH.
Reaction of the host to virus induction
While an SSV1-infected host is not visibly impaired in
growth compared to a non-infected strain, we observed a
difference in growth and on the transcriptional level upon UV
treatment. With respect to transcription, the infected strain
reacted faster and considerably more strongly to the treatment asif the presence of virus or some viral proteins changed the
sensitivity of the strain to DNA damage (Fig. 7).
Among the few genes that showed a differential response
were those encoding the two subunits of topoisomerase VI. This
enzyme could play an essential role in replication of SSV1,
because it is the only topoisomerase that can relax positive
superturns produced during DNA replication. It might yet
exhibit another function for the virus: the strong positive
supercoil of SSV1 DNA in viral particles that was originally
thought to be produced by the activity of reverse gyrase (Nadal
et al., 1986), could as well be formed through the action of other
proteins. SSV1 DNA could be wrapped by a DNA-binding
protein into a positive sense and a topoisomerase (like topoVI)
could subsequently relax the compensating negative superturns.
The involvement of topoVI in the SSV1 cycle could be tested
by the use of a specific inhibitor for this protein (Gadelle et al.,
2005).
In conclusion, the chronological transcription of SSV1 after
UV treatment is reminiscent to that of well-known bacter-
iophages or viruses. However, the basis for its regulation still
needs to be resolved and it is not linked to an SOS-like response
as known for bacteria. Similarly, most of the gene functions of
SSV1 as well as its replication mechanism are not yet
elucidated. Our microarray analysis will help to shed light on
the biology of SSV1 and related viruses of archaea.
Materials and methods
Growth of Sulfolobus strains
Strains S. solfataricus PH1 (Schleper et al., 1994) and
S. solfataricus infected with SSV1 (a.k.a. PH1(SSV1))
(Martusewitsch et al., 2000) were grown at 78 °C and pH
3 in Brock's medium (Grogan, 1989), with 0.1% (w/v)
tryptone and 0.2% (w/v) D-arabinose. The optical density of
liquid cultures was monitored at 600 nm. For the surviving
rate and UV dose determination, solid media were prepared
by adding gelrite to a final concentration of 0.6% and Mg2+
and Ca2+ to 0.3 and 0.1 M, respectively. Plates were
incubated for 5 days at 78 °C.
UV treatment
Freshly inoculated 400 ml cultures were grown at 78 °C until
log phase was reached (OD600 nm 0.3–0.5). Culture flasks were
transferred to a dark room under red light and were divided into
two halves. For UV treatment, aliquots of 50 ml were
transferred to a plastic container (20 cm×10 cm×4 cm) and
irradiated with UV light at room temperature for 45 s at 245 nm
(W20, Min UVIS; DEGESA), while shaking the culture
carefully. The used UV energy was approximately 75 J/m2. It
was determined by comparing the plating efficiency (cfu/ml)
using a UV light with known strength and determining survival
rates (Fröls et al., submitted for publication). The second half of
the culture was equally cooled and treated, but the UV light was
shut off (mock treatment). For the microarray experiments
cDNA from UV-treated cells was competitively hybridized to
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cDNA of a lysogen versus cDNA of a non-infected strain.
DNA preparation and analysis
Extrachromosomal and genomic DNA was prepared from
Sulfolobus using standard procedures (Martusewitsch et al.,
2000). DNA was cut with EcoRI and used for Southern
blotting by standard techniques. Southern blots were probed
with randomly digoxigenin-labeled SSV1 DNA (Roche
Biochemicals).
RNA preparation and analysis
Total RNAwas extracted using standard procedure (Chirgwin
et al., 1979). RNA quality was determined by agarose gel
electrophoresis and by determination of the ratio of absorption
at 260 nm and 280 nm. Only RNA samples with a ratio
between 2.1 and 1.9 were used for further experiments. For
Northern analysis, 5 μg of RNA was separated on denaturing,
formaldehyde-containing 1.2% (w/v) agarose gels, followed by
transfer to nylon membranes.
Strand-specific T-ind (B-49) and T5 (flanking ORFs F-93 to
E-178) RNA digoxigenin-labeled probes were synthesized with
the T3/T7 in vitro transcription system (Fermentas) using the
inserted genomic regions of SSV1 in pBluescript and pCR4-
TOPO as linearized template.
Labeling of cDNA
5-(3-Aminoallyl)-dUTP (Ambion) labeled cDNA was gen-
erated by using the RevertAid H Minus First Strand cDNA
Synthesise Kit (Fermentas) according to the manufacturer's
directions, with the following modifications: 10 μg total RNA
was added to 16 μl deionized nuclease-free water and 400 ng
random hexamer primer. The mixture was denaturated at 70 °C
over 10 min and chilled on ice. 5× Reaction buffer, 4 μl
(20 mM) dNTP/aa-UTP labeling mix 3:2 (5 mM dATP/dGTP/
dCTP, 3 mM dTTP, 2 mM aa-dUTP), 20 U ribonuclease
inhibitor and 200 U RevertAid H Minus M-MuLV reverse
transcriptase were added. The reaction mixture was incubated at
25 °C for 10 min then shifted to 42 °C for 1.5 h. The RNA
template was removed by adding 10 μl 1 M NaOH and
incubating at 70 °C for 10 min before adding 10 μl 1 M HCl.
The cDNA was precipitated and the pellet was dried at room
temperature.
Microarray design and fabrication
The microarray design targeted the open reading frames
(ORFs) of the S. solfataricus P2 genome (She et al., 2001b) and
various endogenous and exogenous genetic elements of Sulfo-
lobus species. The genomic elements include 3057 “large”
ORFs of 300 bases or more, including 305 transposon-related
genes and 395 genes of undecided function, 46 tRNAs and 4
rRNAs. 616 “Small” ORFs of less than 300 bases were
included, consisting of 107 transposon-related genes, 178 hand-annotated or conserved hypothetical genes, and 176 genes with
no functional evidence, but whose presence is predicted by both
Glimmer (Delcher et al., 1999) and GeneMark (Besemer and
Borodovsky, 2005). After filtering completely redundant ORFs
(269 in transposons related and 285 other ORFs), and including
unique segments of repeated sequences, 3352 uniquely
identifiable genomic elements were left to be targeted in the
microarray. Extrachromosomal targets included ORFs from
SSV1 (34), SSV2 (32), pSSVx (8), pRN1 (8) and pRN2 (6). 16
Large intergenic regions of the S. solfataricus P2 genome were
targeted as potential negative controls.
The 3456 70-mer oligonucleotides for the microarray were
designed using the Osprey software (Gordon and Sensen, 2004)
with an optimal theoretical melting temperature of 78 °C under
0.1 M NaCl, and ordered from Qiagen Inc. with a 5′ C6 amino
linker. The full list of probes is available at http://osprey.
ucalgary.ca/sulfolobus. The oligonucleotides were spotted using
a VersArray Chip Printer (BioRad) onto Corning UltraGAPS
Amino-Silane 25×75 mm Coated Slides. The quality of the
microarrays was determined by using 5-(3-aminoallyl)-dUTP
labeled cDNA generated from genomic DNA.
cDNA labeling and microarray hybridization
The coupling of the cyanine-3 or cyanine-5 (Cy-3/Cy-5)
fluorescent molecules was performed by using a slightly
modified protocol for the FairPlay Microarray labeling kit
(Stratagene catalog #252002) with 10 μl of 2× coupling buffer
and 5 μl of dye. The dye-coupled cDNAwas purified using four
EtOH wash processes, and then eluted using a 3-cycle fiber
matrix recovery in a microspin cup. The final volume was
reduced to between 2.5 and 3.0 μl by vacuum. A hybridization
solution of 90 μl DIG Easy Hyb, 5 μl yeast tRNA and 5 μl fish
sperm was incubated at 65 °C for 2 min and allowed to cool to
room temperature, then it was added in sufficient quantity to the
labeled cDNA to total 25 μl and incubated the same way again.
The cooled solution was pipetted onto the slide and allowed to
incubate at 37 °C for 18 h under controlled humidity, then
washed three times at room temperature: 2× SSC and 0.2%
SDS, 0.2× SSC, and 0.1× SSC.
Dye swapping was used to reduce possible data bias due to
different inherent fluorescence levels of the Cy-3 and Cy-5
dyes. In the dye swap, one microarray hybridization was
performed with the control cDNA sample labeled with Cy-3,
and the experiment cDNA sample labeled with Cy-5. Another
microarray slide was used to perform a hybridization with
control cDNA sample labeled with Cy-5, and the experiment
cDNA sample labeled with Cy-3. The difference in Cy-5/Cy-3
fluorescence ratios in the two microarray hybridizations
contributed to the technical variability measure for the up- or
downregulation.
Each slide hybridization experiment was repeated as a dye
swap, and each timepoint was analyzed by combining results
of 2 to 3 hybridizations from independent UV experiments.
This resulted in a total of 8 to 12 data points (with two
exceptions of 6 data points) for each gene at each timepoint,
as the basis for the quantitative and statistical analysis. In
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hybridizations were performed in order to obtain the 8.5 h
time-series. Slide scanning was performed by the Scan Array
5000 (Perkin-Elmer), and spot brightness quantified using
QuantArray v. 3 (Perkin-Elmer). The scanning laser intensity
was manually adjusted for each chip to optimize the dye-
signal acquired.
Microarray data analysis
The QuantArray result files for each microarray hybridiza-
tion slide were run through a set of Perl programs to first
determine the quality of the readings intra-chip (spot replicates),
and inter-chip (dye-swap replicates). Poor quality slides were
excluded from the analysis, and experiments were re-performed
as required. The signal measurements on each slide were scaled
to provide an overall average fold change of 0 for the 5th
through 95th percentiles of the chip.
For each spot, the signal intensity was calculated as the
minimum of the 65% confidence interval of the signal, minus
the maximum of the 65% confidence interval for the back-
ground. Where dye swaps were successful for an experiment
timepoint, the resulting expression ratio was averaged across
both slides (4 spots), inverting ratios where appropriate. Where
only one slide succeeded in an experiment timepoint, the ratio
was simply the average of the intra-chip replicates (2 spots).
In either case, the standard deviation of the measurement
replicates was also noted for each gene, along with percentile
rank and order of magnitude of the signal intensity. All of
these data provide an overview of the quality of the gene ex-
pression measurement within the sample provided (technical
reproducibility).
Replicate experiments were combined for each timepoint,
providing an overview of the reproducibility of gene expression
measurements across biological samples. A mean (average of
the ratios ρ) was calculated for each gene at each timepoint, and
the standard deviation of the ρ ratios was also computed. Signal
percentile ranks were recalculated, and min/max order-of-
magnitude for raw signal intensities was noted. The end product
for each timepoint in an experimental condition was a table
providing: (1) a mean expression ratio for the gene, (2) ameasure
of the biological variability of the mean, (3) a measure of the
variability between technical replicates, (4) a percentile rank of
the mRNA abundance, and (5) the order of magnitude range of
the mRNA abundance. All of these factors were important in
considering the reliability and interpretation of the microarray
results.
The calculation of p-values (chance of false positive) was
then performed using t-tests. Two t-tests were performed for
each gene at each timepoint, the first using the biological
replicate variability and degrees of freedom, the second using the
technical replicate variability and degrees of freedom. The result
yielding the higher p-value (“worse-case scenario”)
was assigned to the gene in the tables described in the last
paragraph.
For the study described in this paper, data for the non-
induced state (NI) were calculated by competitive microarrayhybridization of samples from a lysogenic and from a non-
lysogenic strain, whereas all time-series gene expression values
resulted from the comparison of UV-treated and non-UV-treated
samples of the lysogenic strain.
Primer extension analysis for transcript Tx
Fifteen picomoles of an ID800 5′ labeled gene-specific
primer (5′-caa tta ctt ttc cgt tat aca ata ctt tc-3′) was incubated
with 5 μg of total RNA at 70 °C for 5 min and chilled on ice.
Extensions were made in a total volume of 20 μl using reverse
transcriptase (Fermentas) by adding the manufacturer's reaction
buffer, 20 M dNTPs, 20 U RNase inhibitor before incubating at
42 °C for 1 h. The enzyme was inactivated at 70 °C for 10 min.
The products were analyzed by PAGE on a Li-cor machine
(DNA Sequencer 4000, MWG-Biotech) using corresponding
sequencing reactions as a size marker.
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